Constraining coral reef metabolism and carbon chemistry dynamics are fundamental for understanding 13 and predicting reef vulnerability to rising coastal CO 2 concentrations and decreasing seawater pH. 14 However, few studies exist along reefs occupying densely inhabited shorelines with known input from 15 land-based sources of pollution. The shallow coral reefs off Kahekili, West Maui, are exposed to 16 nutrient-enriched, low-pH submarine groundwater discharge (SGD) and are particularly vulnerable to 17 the compounding stressors from land-based sources of pollution and lower seawater pH. To constrain 18 the carbonate chemistry system, nutrients and carbonate chemistry were measured along the Kahekili 19 reef flat every 4 h over a 6-d sampling period in March 2016. Abiotic process -primarily SGD fluxes -20 controlled the carbonate chemistry adjacent to the primary SGD vent site, with nutrient-laden 21 freshwater decreasing pH levels and favoring undersaturated aragonite saturation (Ω arag ) conditions. In 22 local stressors such as over-fishing, sedimentation, land-based sources of pollution and coastal 39 acidification (Knowlton and Jackson, 2008) that can result from freshwater inflow, eutrophication, 40 and/or coastal upwelling. These stressors can lead to a decrease in reef health by removing grazing 41 fish, decreasing calcification rates, and increasing nutrient and contaminant concentrations, thereby 42 shifting the balance between reef accretion and erosion. However, isolating the effects of these 43 stressors is difficult without establishing the biological and physical controls on community 44 calcification and production. This is particularly challenging for coral reefs adjacent to densely 45 inhabited shorelines, where freshwater fluxes can deliver excess nutrients. In turn, this can lead to 46 coastal acidification caused by eutrophication and enhanced respiratory processes that release CO 2 47 and increase coastal water acidity (e.g., Cai et al.
contrast, diurnal variability in the carbonate chemistry at other sites along the reef flat was driven by 23 reef community metabolism. Superimposed on the diurnal signal was a transition during the second 24 sampling period to a surplus of total alkalinity (TA) and dissolved inorganic carbon (DIC) compared to 25 ocean end-member TA and DIC measurements. A shift from positive net community production and 26 positive net community calcification to negative net community production and negative net 27 community calcification was identified. This transition occurred during a period of increased SGD-28 driven nutrient loading, lower wave height, and reduced current speeds. This detailed study of carbon 29 chemistry dynamics highlights the need to incorporate local effects of nearshore oceanographic 30 processes into predictions of coral reef vulnerability and resilience. 31 32
Introduction 33
Coral reefs provide critical shoreline protection and important ecosystem services, such as marine 34 habitat, and support local economies through tourism, fishing, and recreation (Hughes et al., 2003; 35 Ferrario et al., 2014) . However, coral reefs are being threatened by global climate change processes, 36 such as increasing temperatures, sea-level rise and ocean acidification (OA, caused by uptake of 37 atmospheric carbon dioxide into the ocean (Orr et al., 2005) . These effects are often compounded by 38 cover along the shallow coral reef at Kahekili has been observed for decades (Wiltse, 1996; Ross et al., 78 2012) , along with a history of macro-algal blooms (Smith et al., 2005) . The shift in benthic cover from 79 abundant corals to turf-or macro-algae (primarily Ulva fasciata) and increased rates of coral 80 bioerosion have been linked to input of nutrient-rich water via wastewater injection wells (Dailer et al., 81 2010; Dailer et al., 2012; Prouty et al. 2017a ). Treated wastewater is injected through these wells into 82 groundwater that flows toward the coast where it emerges on the reef through a network of small seeps 83 and vents (Glenn et al., 2013; Swarzenski et al., 2016) . Changes in coastal water quality observed off 84 west Maui can impact the balance of production of CaCO 3 skeletons by calcifying algae and animals 85 on the reef, cementation of sand and rubble, and CaCO 3 breakdown and removal that occurs through 86 bioerosion, dissolution, and offshore transport. Here, a high-resolution seawater sampling study was 87 conducted to constrain the carbonate chemistry system and evaluate the biological and physical 88 processes altering reef health along the shallow coral reef at Kahekili in Kaanapali, west Maui, Hawaii, 89 USA ( Fig. 1 ). This study characterizes the diurnal and multi-day variability of coral reef carbonate 90 chemistry along a tropical fringing reef adjacent to a densely inhabited shoreline with known input 91 from land-based sources of pollution, and identifies the controls on carbon metabolism. Ultimately, 92
understanding carbonate system dynamics is essential for managing compounding effects from local 93 stressors. 94 95 2. Methods 96
Study Site 97
The benthic habitat along the shallow reef at Kahekili in Kaanapali, West Maui (Fig. 1) consists of 98 aggregate reef, patch reef, pavement, reef rubble and spur and groove (Cochran et al., 2014) , with 99 persistent current flow to the south (Storlazzi and Jaffe, 2008) . Only 51% of the hardbottom at 100
Kahekili is covered with at least 10% live coral, with the remaining hardbottom consisting of aggregate 101 reef, spur-and-groove, patch reefs, pavement, and reef rubble (Cochran et al., 2014) . The shallow fore 102 reef experiences algae blooms in response to inputs of nutrient-rich water via wastewater injection 103 wells (Dailer et al., 2010; Dailer et al., 2012) . Groundwater inputs occur from both natural sources 104 (rainfall and natural infiltration) and from artificial recharge (irrigation and anthropogenic wastewater). 105
The inland Wailuku Basalt, consisting of a band of unconsolidated sediment along the coast and a 106 small outcrop of Lahaina Volcanics, dominates the geology of the area surrounding the study site, 107 controlling the flow of groundwater. Mean annual precipitation rates are up to 900 cm yr -1 108 (Giambelluca et al., 2013) , with natural recharge the greatest in the interior mountains. 109 110
Field Sampling 111
Two intensive sampling periods were carried out during the 6-d period between 2016-03-16 to 2016-112 03-24 along the reef flat with live coral cover. Seawater nutrients and carbonate chemistry variables 113 were collected every 4 h during each sampling period from the primary vent site and in adjacent 114 coastal waters along the shallow reef at Kahekili (Fig. 1 ). The first sampling period was from 15:00 on 115 2016-03-16 to 15:00 on 2016-03-19, and the second sampling period was from 15:00 on 2016-03-21 to 116 11:00 on 2016-03-24 (all reported times in local [HST] ). There were five sampling sites: two shallow 117 (<1.5 m) sites (S1 and S2) located approximately 10 m offshore, two deeper (5 m) sites (S3 and S4) 118 located approximately 115 m offshore, and a shallow site located approximately 20 m offshore and 119 within 0.25 m of an active SGD vent (vent site; <1.5 m) (Glenn et al., 2013; Swarzenski et al., 2016) . 120
Sampling tubes (ranging from approximately 100 to 200 m in length) were installed at each site by 121 affixing the tube to a concrete block located approximately 20 cm above the seafloor, or by attaching 122 the tubing directly to dead reef structure using zip ties. Tube intakes were fitted with a stainless steel 123 screen cap to prevent uptake of large particulates. The remaining length of each tube was positioned 124 along the seafloor to the adjacent beach by weighting the tube with a 1 m piece of chain, or by weaving 125 the tube through dead reef structure approximately every 20 m. The tube outflow ends were labeled for 126 each sampling site, bundled in a common location, and located above the high water line on the beach 127 for sampling access. A peristaltic pump was used to pump seawater from the seafloor. Sampling tubes 128 were flushed for a minimum of 20 minutes to remove residual seawater before collecting data and 129 water samples. Sampling tubes were inspected upon extraction and no significant algal growth was 130 observed. Temperature salinity, and dissolved oxygen of water samples were measured using a YSI 131
ProPlus multimeter that was calibrated daily with an accuracy of ± 0.2°C, ± 0.1 psu, and ± 0.2 mg L -1 , 132 respectively. However, due to temperature change during water transit time within the sampling tube, 133 in situ temperatures were also recorded from Solonist CTD Divers installed at the intake of each 
Reef Flat 207
In contrast to the vent site, the overall magnitude of carbonate chemistry variation at the other four 208 sites along the reef flat was less, and the signal was coherent among these sites. This coherency is 209 captured in the pH time series ( Fig. 3B ), where the pH data from the four sites were significantly 210 (p<0.05) positively correlated with each other (with r ~ 0.5). The lowest salinity value along the reef 211 flat was 33.51, indicating minimal freshwater influence on reef flat salinity. As a result, the carbonate 212 system parameters measured along the reef were non-linear with respect to salinity (Supplemental Fig.  213 1), instead a diurnal pattern dominated the signal (Fig. 3 The diurnal pattern observed at the four sampling sites along the reef flat is typical of a reef 247 environment where biotic processes involving coral reef community metabolism (e.g., 248
respiration/photosynthesis and calcification/dissolution) dominate the carbonate chemistry system 249 (e.g., Smith, 1973) . The non-linear relationship between salinity and carbonate chemistry parameters 250 further supports the notion that biotic processes are driving carbonate chemistry variability along the 251 reef flat (Millero et al., 1998; Ianson et al., 2003) . The lower amplitude nTA diurnal signal supports 252 previous observations that the region was algal-dominated (Smith et al., 2005) . In this case, the lower 253 biomass of calcifying organisms leads to conditions that favor respiration-photosynthesis processes 254 relative to calcification-dissolution (Jokiel et al., 2014) . Elevated pH values during mid-day, coincident 255 with elevated sea surface temperature (SST) and peak solar irradiance, are consistent with maximum 256 photosynthetic activity. DIC decreased during the day due to photosynthesis, whereas at nighttime, pH 257 decreased and DIC increased in response to respiration (Fig. 3 the nTA-nDIC diagrams during -NCC and -NCP ( Fig. 5) . At the shallow sites, S1 and S2 ( Fig. 5A and  285 B), the NCC:NCP ratios were 0.56 and 0.39 during the second sampling period (Table 1) The shift from photosynthesis (P) to respiration (R) as captured in the ΔnDIC histogram plots (Fig. 4) , 298
suggests that the coral-algal association consumed more energy than it produced during the second 299 sampling period. As a proxy for autotrophic capacity, the change in P:R ratio may reflect an increase in 300 coral heterotrophic feeding relative to autotrophic feeding (Coles and Jokiel, 1977 Coral tissue thickness was also negatively correlated to coral tissue δ 15 N values (r = -0.66; p = 0.08), 316 with the latter serving as a proxy for nutrient loading in alga samples along the reef flat (Dailer et al., 317 2010) . It is possible that a reduction in coral tissue reflects preferential heterotrophic feeding under 318 high nutrient loading, with nutrient enrichment by sewage effluent increasing primary production and 319 biomass in the water column (e.g., Smith et al., 1981; Pastorok and Bilyard, 1985) . While assessing the 320 impacts of nutrient loading on coral physiology may be long term and subtle in some cases, results 321 from our study highlight the potential short-term impacts of nutrification. 322 323 Identifying the exact mechanism(s) responsible for driving this shift is difficult given the complexity of 324 the reef system. Possible explanations include warmer SSTs, suspension of organic matter, as well as 325 secondary effects of nutrification from contaminated SGD (D'Angelo and Wiedenmann, 2014). 326
Given that microbial communities rapidly take up inorganic nutrients (Furnas et al., 2005) , there could 327 be increased respiration as a result of increased microbial remineralization of organic matter in the 328 nutrient-loaded environment (Sunda and Cai 2012) . In other words, enhanced SGD-driven nutrient 329 fluxes during the second sampling period could have increased microbial growth and remineralization, 330 shifting the reef community metabolism, as captured in a shift in the carbonate chemistry system. In 331 addition to community metabolism, local oceanographic effects such as the wind and wave regime can 332 also drive carbonate chemistry by altering air-sea exchange and water mass residence times. During 333 the first sampling period, the wave height increased from 0.4 m to 1.6 m over the first 2 d and mean 334 current speeds were 1.6 cm s -1 (Fig. S2 ). In comparison, during the second sampling period, wave 335 height declined to less than 0.4 m and mean current speeds were 1.0 cm s -1 . Together, the reduced 336 wave height and reduced wind speeds favor slower release of CO 2 generated by calcification and 337 respiration processes from the water column (Massaro et al., 2012) relative to the depth of the water column. Higher islands, therefore, have the potential for not only 362 greater orographic rainfall and thus submarine groundwater recharge, but also greater potential 363 pressure head and thus enhanced SGD-driven nutrient fluxes. There is also greater potential for 364 enriched nutrient sources and reduced water quality with fast-growing population and development 365 (Amato et al., 2016; Fackrell et al., 2016) . Thus, SGD represents a key vector of nutrient loading in 366 tropical, oligotrophic regions (e.g., Paytan et al., 2006) . At the same time, closer to shore, current 367 speeds are generally slower resulting in longer water mass residence times (Storlazzi et al., 2006) ; 368 longer residence times would also be expected closer to the seabed, compared with upper water 369 column flows (Storlazzi and Jaffe, 2008) . Together, these suggest that the resulting exposure (= 370 intensity x residence time) of coral reefs to nutrient-laden, low pH submarine groundwater is greater 371 for coral reefs closer to shore off high islands than along barrier reefs or on atolls. This heightened 372 vulnerability therefore needs to be taken into account when evaluating vulnerability of nearshore 373 fringing reefs to changes in carbonate chemistry system given evidence of nutrient driven-bioerosion 374 from land-based sources of pollution. 375 
